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Abstract  20 
In central Saudi Arabia the redness of sands observed on satellite imagery, often related to 21 
iron oxide amount, was used to better interpret geomorphic processes operating in the area. 22 
To compare variations between dune and interdune morphology, linear and dome dunes, and 23 
an ephemeral river partly buried under the sand sea, Nafud Al-Thuwayrat, a multiscale 24 
approach was used to identify the spatial variation in causes of iron oxide amounts and 25 
colour.  Macro-scale mapping of Image Spectral Redness identified that the extent and 26 
intensity of colour grading across the orientation of well-defined linear and dome dune types, 27 
interdunes and the Wadi Al-Rimah, indicated sediment mixing of different provenance. 28 
Meso-scale chemical, physical and colour analysis of surface samples indicated that iron 29 
oxide coated grains were present within all the samples and was not the sole control on Image 30 
Spectral Redness. The reddest sediments were the best sorted medium-to fine-quartz sands 31 
with iron oxide bearing chemistry and the paler sediments contained coarser sands with 32 
additional feldspars, calcite and gypsum. Micro-scale analysis of grain characteristics found 33 
dune-interdune contrasts and that the reddest sands with iron coatings were of aeolian origin 34 
and the paler sands contained larger fluvial material mixed with reworked aeolian deposits. 35 
Dust in the area consists of high amounts of iron oxide and appears to be a major contributor 36 
to redness in the sand dunes. These controls on colour show the sand seas are paler 37 
westwards because a major river, and local drainage systems, deliver fluvial sediments from 38 
the carbonate and sandstone bedrock into the quartz rich aeolian material from the linear 39 
dunes. Evaporite deposits dominate in the paler interdunes, and south of the Wadi the dome 40 
dunes are the reddest as they are not migrating but building up. This multiscale approach has 41 
provided a modern analogy of processes for palaeoenvironmental studies.  42 
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Introduction 44 
In sandy deserts, it has been argued that surface colour gradients or redness caused by iron 45 
oxides, may indicate weathering, transporation and sand sea age (Warren, 2013). Interpreting 46 
the processes that caused these colours can assist in the reconstruction of past and present 47 
environmental conditions (e.g. Muhs, 2004; Roskin et al., 2012). Satellite images offer a 48 
valuable tool to interpret this colour change on macro-scales (e.g. White et al., 2001; White et 49 
al., 2007; Levin et al., 2007; Roskin et al., 2012; Scheidt et al., 2011) assuming colour 50 
defining processes are uniform over large spatial scales. However, at the smaller meso- and 51 
micro-scales several chemical and physical processes operate (Prestel et al., 1980; El Baz, 52 
1980, McKee et al., 1979) that influence the amount of iron oxide coating quartz sand grains 53 
(Van Houten, 1973; Folk, 1976). Evidence in stratigraphic profiles (e.g. Gardner & Pye, 54 
1981) shows that dune reddening is not necessarily a unidirectional process (Folk, 1976) but 55 
also linked to age and depth (Folk, 1976; Bowman, 1982). Colour transitions are interrupted 56 
due to a different provenance (Roskin et al., 2012) and there are reversals in redox reactions 57 
where waterlogging occurs (Levin et al., 2007). Aeolian transport can also have opposite 58 
effects, on one hand, iron-bearing clay minerals can gradually be abraded from sand grains, 59 
especially larger grains (Krinsley & Doornkamp, 1972), causing a downwind reduction in the 60 
intensity of redness (Muhs & Holliday, 2001; Bullard & White, 2005; White & Bullard, 61 
2009); on the other hand, transport can intensify redness because as sand grains are abraded 62 
into smaller grains the ratio of grain size and surface area for iron oxide coatings to 63 
accumulate on in the long term increases (Walker, 1979).  Additionally, iron-rich lithology, 64 
such as weathered sandstones (Pye, 1983) may introduce an iron oxide plume into the 65 
transport pathway, and airborne dust containing iron oxides (Duce & Tindale, 1991; Cwiertny 66 
et al., 2008; Shi et al., 2012) from continental weather systems (Warren 2013) can locally 67 
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deposit into the sediment mix.  Many remote sensing studies of colour have been made in 68 
coastal areas where the sand stocks are easily identified and discriminated as mixing between 69 
marine and terrestrial sources and the uniform scaling of reddening processes may be 70 
acceptable (e.g. White et al., 2001; White et al., 2007; Levin et al., 2007; Roskin et al., 2012; 71 
Scheidt et al., 2011). However, as inland sand transport corridors combine with materials 72 
from different provenances (e.g. Pye, 1983), there must be subsequent mixing and reworking 73 
of sediment in the direction of sand transport. Interpretation of iron oxide accumulations from 74 
macro-scale observations therefore require a more detailed spatial understanding of the sand 75 
composition from the meso- and micro-scale.  76 
Research identifying and interpreting sand colour has used a range of techniques across 77 
macro-, meso-, and micro-scales (Table 1). At the macro-scale, satellite remote sensing 78 
covers vast areas across challenging desert environments. When reflectance data at the 79 
macro-scale is coupled with ground observations on smaller scales, quantitative geochemical 80 
mapping is possible (e.g. White et al., 2001; Bullard & White, 2002).  Techniques include, 81 
spectral mixture modelling to extrapolate amount and extent of different minerals (White et 82 
al., 1997; White et al., 2007; Scheidt et al., 2011) and the use of unitless spectral indices 83 
(Mathieu et al., 1998; Bullard & White, 2002; Levin et al., 2007; Roskin et al., 2012) to map 84 
iron oxide amounts. Iron oxide amounts can be mapped as these indices have been correlated 85 
to the depth and wavelength of an absorption feature in the visible spectrum at ~540 nm 86 
(Bullard & White, 2002; Ben-Dor et al., 2006) caused by the Fe
3+
-O charge transfer (Hunt et 87 
al., 1971). Furthermore, indices produce continuous scales that improve on mapping against 88 
discrete categories such as Munsell colour (Bullard & White, 2002). At the smaller scales, 89 
meso-scale observations of sand may be from Munsell colour (e.g. Anton & Ince, 1986), 90 
spectroscopy (e.g. Ben-Dor et al., 2006; Crouvi et al., 2006; Bullard & White, 2002; Roskin 91 
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et al., 2012; Scheidt et al., 2011), measurement of particular chemistry such as iron oxide 92 
amounts (e.g. Bullard & White, 2002) or calcium carbonate  (e.g. White et al., 2001) and 93 
micro-scale analysis using a low power microscope, and a Scanning Electron Microscope 94 
(SEM) with Energy Dispersive X-rays (EDX; e.g. Pye, 1983).  Detailed synoptic overviews 95 
of colour and process are rare, particularly using all three scales (e.g. White and Bullard, 96 
2009) and even so sampling designs have created morphologically and spectrally selective 97 
data extrapolating over process detail. Restrictions have included collecting samples from 98 
dune crests to avoid differences in particle sorting (White et al., 2001), dune faces that are 99 
illuminated on the satellite imagery (White et al., 2007), and omitting morphology, such as 100 
interdunes, categorised as spectral anomalies because of vegetation and paleosols (Ben-Dor et 101 
al., 2006). Importantly, these sampling strategies have excluded evidence for meso-scale 102 
sorting and deposition and micro-scale mineralogy that may influence colour, and 103 
importantly the conditions in interdunes between the dunes which can also be non-104 
depositional, wet or dry (Lancaster, 1995).  105 
In the study area the history of sand sea evolution is vague (Vincent, 2008) and little is 106 
known about past and present environmental conditions (McLaren et al., 2009). This research 107 
provides an opportunity to gather and interpret evidence of geomorphic processes occurring 108 
in a landlocked sand sea. Within the present day regional north to north easterly seasonal 109 
‘Shamal’ winds (Whitney et al., 1983) there is a variation in dune type (McKee, 1979), as 110 
well as the presence of ephemeral subaerial and buried fluvial activity (Al-Sulaimi & Pitty, 111 
1995), topped with processes between dunes and interdunes (Lancaster, 1995). With these 112 
spatial variations, assuming scale interchangeability and using a ‘one size fits all’ explanation 113 
for colour change at the macro-scale will erroneously explain any transitions in the 114 
geomorphic processes operating at the meso- and micro-scale. The aim of this work is to use 115 
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a detailed multiscale approach with improved sampling to gather evidence for the extent and 116 
spatial complexity of reddening processes to interpret the mixing and working of sediments 117 
and describe recent and current geomorphic processes in the landscape. The objectives are to 118 
identify: how macro-scale colour is impacted by mixing and sorting of different provenance 119 
using the support of meso- and micro-scale evidence; how the prediction of iron oxides from 120 
the reflectance spectra of images is impacted by multiple provenance and dune form; and if 121 
any other properties of the sands can be deduced from colour.  122 
Study Area 123 
The study location in central Saudi Arabia is between 26°05′N and 27°20′N and 44°05′ E and 124 
45°05′E an area of approximately 300 km2 (Fig. 1). It is a good position to gain an 125 
understanding of the relationship between fluvial activity originating in the mountains of the 126 
Arabian Shield to the south west and aeolian activity between two major sandy areas, An 127 
Nafud to the north and the Rub’ al Khali to the south (Fig. 1 (a)). The dominant drainage 128 
across the study site is the Wadi Al-Rimah – Al-Batin network, beginning on the Arabian 129 
shield east of Medinah and finishing north of the Persian Gulf in Kuwait (Al-Sulaimi & Pitty, 130 
1995; El-Baz & Al-Sawari, 1996). There are variations in sand colour on the satellite image 131 
with the paler sands in the central west and the reddest sand generally to the east with 132 
localised alternations of colour across the dunes and interdunes (Fig. 1 (b)). The geology 133 
comprises a series of Palaeozoic and Mesozoic sandstone, claystone and limestone beds that 134 
generally strike in an arc from west-north-west to north-west and dip less than a degree 135 
towards the north-east (Vaslet et al., 1985; Manivit, et al., 1986). The stacking of these 136 
geological beds forms a series of cuestas and linear depressions. Ribbons of sandy desert (or 137 
nafud: an Arabic term for an erg or a sand sea), trace these topographic depressions and as the 138 
nafuds run through the study area they bury the bed of Wadi Al-Rimah. The general sequence 139 
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of exposed surface geology, or potential source rocks, and nafuds eastwards along the Wadi 140 
Al-Rimah (Fig. 1 (c)) is, the Saq Formation (red sandstones), Sarah Formation (sandstone), 141 
the Khuff Formation and Sudair shales (limestone and gypsum) that dip to form the 142 
depressions filled by Nafud As Sirr (recent sand). The Jilh Formation (sandstones) and the 143 
Minjur Sandstone dip under the Nafud Al-Mazhur and Nafud Al-Thuwayrat (recent sand). 144 
Finally, the Marrat (sandstone), Tuwaiq Mountain Limestone and Hanifa Formation 145 
(limestone) surface between Nafud Thuwayrat and Nafud Sebalah. Detailed descriptions of 146 
these units can be found in Powers et al., (1996) and Al-Welaie et al., (1985).  147 
In these nafuds the dune type varies. Linear dunes hundreds of kilometres long exist in a high 148 
organisational state (Telfer & Hesse, 2013) and originate from the An Nafud north-west of 149 
the study area forming the morphology of the Nafud Al-Mazhur. There is then a 150 
morphological transition in the linear dunes at about the location of the buried Wadi Al-151 
Rimah into rounded dome dunes approximately 1 to 2 km in diameter (McKee, 1979) that 152 
constitute the main body of the Nafud Al-Thuwayrat. A small arm in the east forms the 153 
Nafud Sebalah where the dome dunes gradually deteriorate into isolated dune forms. Nafud 154 
Al-Thuwayrat merges into the next nafud and continues south as a conduit of sediment to the 155 
Rub’ al Khali. The accumulation of the sands in the depressions between the cuestas 156 
determines that eastward draining wadis on the adjacent bedrock surfaces form ephemeral 157 
lakes (sabkhas) and clay-silt pans (khabras) against the west sides of the nafuds. The seasonal 158 
northerly ‘Shamal’ winds are thought to dominate and drive the sand transport trajectory 159 
from the An Nafud southwards through the study area, although weak westerlies can occur 160 
between seasons (Whitney et al., 1983). Recent evidence shows another potential iron-rich 161 
source from the entrainment and deposition of dust which can occur at any time in the year 162 
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(e.g. Alharbi et al., 2013; Notaro et al., 2013) from many directions (e.g. Draxler et al., 2001; 163 
Cornforth, 2013; Yu et al., 2013). 164 
Method 165 
Surface samples, no more than a centimetre depth, were taken from the centre of and as near 166 
to a spectrally uniform area of at least the size of a Landsat ETM+ pixel in the linear dune 167 
area (transect AB), the wadi area (CD)  the dome dune areas (EFG), and across all three areas 168 
(HI) to represent different dune forms, a wide range of sand colours, and sediment transport 169 
directions. Samples were then taken to the laboratory and prepared accordingly for the 170 
following techniques:  171 
Macro-scale.  172 
A Landsat ETM+ image (Path 167, Row 042, 24/04/2002) was corrected geometrically, 173 
radiometrically (Campbell, 2002), and topographically to reduce the effect of shadowing on 174 
dunes (Tasumi et al., 2000) with the ASTER GDEM method (Khalaf, 2012) and used to map 175 
the surface colour of the study area, by calculating Image Spectral Redness, (ImageSR; 176 
Bullard & White, 2002; see SI section 1).  177 
Meso-scale.  178 
(i) A portable spectroradiometer, FieldSpec3, was used to measure sample reflectance as 179 
ground verification to the satellite image (Bullard and White, 2002) and for the calculation of 180 
iron oxide absorption feature depth (Clark & Roush, 1984; Green & Craig, 1985). (ii) 181 
Samples were passed through a Horiba LA 950 particle size analyser and converted into phi 182 
(ϕ) units to measure particle size distribution range and characteristics of mean, dispersion 183 
(sorting range), skew and kurtosis (Friedman & Saunders, 1978). (iii) X-Ray Diffraction 184 
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(XRD) was performed on milled samples with the Bruker D8 Advance with DaVinci XRD 185 
equipment to identify the sample mineralogy (e.g. Gardner 1983). (iv) To extract surface iron 186 
oxides from the sands (referred to here on as DiFe) each sample was treated with sodium 187 
citrate and sodium dithionite (Mehra & Jackson 1960) and the residue was measured with an 188 
Atomic Absorption Spectrometer (AAS) Varian SpectrAA-200, to give the weight of iron 189 
oxide.  (v) To calculate the percentage weight of CaCO3, each sample was treated using HCl 190 
(Loeppest & Suarez, 1996). (vi) Major chemical oxides were identified with X-ray 191 
fluorescence (XRF) using a PANalytical Axios-Advanced XRF spectrometer to assist in 192 
deductions of mineralogy using the principles of Mason & Moore (1982). (vii) Colour 193 
identification was made with Munsell colour charts (Munsell Colour Company, 1975) a 194 
useful benchmark to quantify sand colour (e.g. El Baz, 1980; Pye, 1983; Anton and Ince, 195 
1986; Stokes & Breed, 1993; Walden & White, 1997; Bullard & White, 2002; Muhs, 2004; 196 
White & Bullard, 2005). Two analysts agreed on the correct classification as it is difficult to 197 
select the most visually dominant colour from an assortment of different coloured grains 198 
(Anton & Ince, 1986). Colour was recorded for the bulk samples and gently sieved sediment 199 
fractions representing: > 2mm or <  ϕ (phi) -1, (granules), 2mm to 1mm or ϕ -1 to 0 (very-200 
coarse-sand); 1mm to 0.5mm or ϕ 0 to 1 (coarse-sand); 0.5mm to 0.25mm  or ϕ 1 to 2 201 
(medium-sand); 0.25mm to 12um or ϕ 2 to 3 (fine-sand); 125um to 62.5um or ϕ 3 to 4 (very 202 
fine sand); < 62.5um or > ϕ 4 (silt and clay). The percentage occurrence of each colour per 203 
sediment fraction was then calculated. Samples of available sandstone bedrock sources (Jilh, 204 
Minjur and Saq sandstones) and airborne dust (from a storm, 1
st
 May 2011) were also 205 
analysed by XRF and DiFe respectively to examine potential external iron sources. These 206 
quantitative data were then correlated with ImageSR at the scales of study area, dunes, 207 
interdunes and within individual transects. 208 
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Micro-scale 209 
Samples were mounted, and gold coated for analysis with a Hitachi S-3600N Scanning 210 
Electron Microscope (SEM) to identify the nature of the samples and sorting characteristics 211 
as well as to identify the types and occurrence of mineral elements with the assistance of 212 
Energy Dispersive X-rays (EDX) using an Oxford INCA 350 EDX system. Additional thin 213 
sections from the study area were also used to assess composition and characteristics of the 214 
sediments using a Nikon Eclipse LV100ND polarising microscope. 215 
Results and analysis 216 
Image analysis (macro-scale) 217 
The ImageSR ratio varied between 0.401 and 0.535 and quantified the spatial complexity in 218 
colour and potential variation in iron oxide content across the study area (Fig. 2a). Within the 219 
gradual west to east increase in redness from the western Nafud Mahzur and the Wadi Al-220 
Rimah to the Nafud Al-Thuwayrat and Nafud Sebalah the striping and mottling of colour 221 
shows localised colour changes which are caused by the presence of dunes and interdunes. 222 
[Fig. 2] 223 
The transect data emphasise this east to west colour transition, and that ImageSR can also be 224 
similar between and within the different geomorphic areas, dunes and interdunes (Fig. 2 (b)). 225 
Different levels of aeolian activity marked by redness did not clearly separate out between 226 
dune types, more with spatial location within dune types. Ranking of these values found a 227 
strong east to west gradient across the north to south Shamal wind transport direction within 228 
the different nafuds (Table 2 SI). This highlights that the accretion of iron oxide by abrasion 229 
and sorting processes of the Shamal winds along the orientation of the dunes is combined 230 
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with localised material of different provenance mixing into the iron coated sands in a west to 231 
east transport pathway.  232 
Physical analysis (Meso-scale) 233 
Particle size statistics in units of phi (ϕ) inversely correlated to a general reduction in mean 234 
grain size (R
2
 0.2, p<0.001) and a narrowing of sorting range with increasing ImageSR (R
2
 235 
0.4, p<0.001). Similar analysis of kurtosis found a weak correlation (R
2
 0.1, p=0.01) with no 236 
significant correlation for median or skew. An inverse relationship of sorting range width and 237 
ImageSR is evident within each transect, with dunes generally better sorted than interdunes 238 
(Fig. 3 (a)). Two key sorting fractions were found to have opposing correlations to ImageSR. 239 
Fine sands (ϕ 2 to 3) are more positively correlated to ImageSR and coarse sands (ϕ 0 to 1) 240 
are more negatively correlated to ImageSR (Fig. 3 (b)) 241 
 [Fig. 3] 242 
The sorting profiles show the width and additionally the position of the sorting range within 243 
the grades of sand, granules and clays (Fig. 4). The dunes are generally moderately sorted 244 
medium to fine sands (ϕ 1 to 3) that are near symmetrical. The better sorted distributions, 245 
peaking with 10 to 20% of fine sands (ϕ 2 to 3) will have high ImageSR values compared to 246 
the flatter, skewed distributions when at least 10% peaks in the medium sands (ϕ 1 to 2). For 247 
the interdunes there is poor sorting over a wide range of grain sizes. The interdunes are often 248 
bimodal or have a shoulder on the distribution.  With generally more coarse material in the 249 
profile e.g. peaking at 5 to 10 % with very coarse or coarse sands (ϕ -1 to 1) ImageSR values 250 
are low. However, ImageSR values of interdunes can be like dunes if there is peak of medium 251 
to fine sands (ϕ 1 to 3) with very few or no granules and coarse sands (ϕ < 0). These patterns 252 
are found for each region (Fig. 4 (a-c)) and across the linear, wadi and dome transect (Fig.  4 253 
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(d)). The dust sample was found to have grain sizes between ϕ 0 and ϕ 10. Generally, the 254 
relationship of sorting into these greater percentages of fine sands (ϕ 2 to 3) and lower 255 
percentages of coarse sands (ϕ 0 to 1) correlates with higher ImageSR values across 256 
individual transects (Fig. 3 (b)).   257 
[Fig. 4]  258 
Colour estimates (Meso-scale) 259 
The bulk samples (all fractions) show little variation in Munsell colour, generally 57% 260 
yellowish-red, (YR 5YR 5/6 - 5/8) with no pink (e.g. P 5YR 7/4) or reddish-brown (e.g. RB 261 
5YR 5/4) colours. However, there is a greater range of Munsell colours when the samples are 262 
divided into different sorting fractions (Fig. 5). With decreasing grain-size there is a 263 
reduction or loss of the presence of pinks (e.g. PG 5YR 7/2, P 5YR 7/4), an increase in 264 
proportions of reddish-yellow (e.g. RY 5YR 6/6) then yellowish-red (e.g. YR 5YR 5/8) 265 
accompanied by a gradual increase in the red proportions (e.g. LR 2.5YR 6/6 plus R 2.5YR 266 
5/8), and a greater likelihood of only containing the reddish browns and brown colours (e.g. 267 
LRB 5YR 6/4, RB 5YR 5/4 and B 7.5YR 5/4) in the finest fractions. The most abundant 268 
colour descriptions in the sand categories are reddish-yellow (RY) and yellowish-red (YR), 269 
rather than red (R) (SI Table 4). When compared to the sorting profiles (Fig. 4), leptokurtic 270 
(peaked) profiles concentrate sediment into specific sorting fractions with a narrow 271 
dispersion range. When this is mostly in the fine sand fractions (ϕ 2 – 3) the likelihood of 272 
containing sediment of a YR colour increases. Platokurtic (flatter) and bimodal profiles 273 
spread over more sorting fractions and when fractions are larger than the coarse sands (ϕ < 0), 274 
have a wider range of colours including YR and RY and a mix of pinks (P and PG). 275 
[Fig. 5] 276 
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Chemical analysis (meso-scale) 277 
Mineralogy 278 
XRD results found that the well sorted samples were dominated by silica, at least 95% quartz 279 
(SI Fig. 3). There was very little evidence for iron-bearing clay minerals or feldspars since 280 
the relevant peaks at 10-15 degrees and 27-30 degrees were too small to be statistically 281 
significant against a dominant quartz signature. An absence of background noise across the 282 
whole diffraction range caused by fluorescence of amorphous iron also suggested that there 283 
were low undetectable amounts of iron that could not be confirmed (personal communication, 284 
Haidon C, 2013).  It seems that haematite and goethite can be detected by XRD if there is a 285 
thick rim of iron oxide on the sample, capable of breaking above the XRD signature noise 286 
(e.g. Yuan et al., 2015). XRD confirmed the presence of high proportions of silicate, 287 
additional mineralogy was inferred by observation and deduction from SEM, EDX, thin 288 
section work and the XRF major oxide chemistry.  289 
Surface mineralogy (meso-scale) 290 
DiFe iron oxide values were between 0.2 mg/L and 1.2 mg/L with an average of 0.51 mg/L. 291 
However, there was much more iron oxide, 8.96 mg/L, in the dust sample indicating another 292 
iron oxide source. It is acknowledged that DiFe analysis is susceptible to extraction of all iron 293 
oxides, including the red haematite, as demonstrated on loess (Lui et al., 1995), and this may 294 
influence the concentration of iron oxide in the dust more than the sands. Nonetheless, the 295 
difference in iron oxide estimate from the dust is large and the sand samples from the XRD 296 
show large proportions of quartz-rich sand grains with minute, if any, clay minerals bearing 297 
iron oxide, (also supported by the SEM and EDX, see micro-scale). Thus, a large proportion 298 
of the DiFe detected iron oxides in the sands are from grain coatings. Contrary to previous 299 
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studies (e.g. White et al., 2001), it was difficult to confirm a clear and consistent association 300 
of DiFe iron oxide with ImageSR for the whole area (Fig. 6 (a)) and over the individual 301 
transects (SI Fig. 4). The percentage of carbonates was between 0.90 % and 24.59 % percent 302 
with an average of 4.09 % and standard deviation of 4.97. There was no clear correlation with 303 
ImageSR (SI Fig. 4). Greater amounts of CaCO3 were recorded at the margins of the sand 304 
seas, transect AB, part F of EFG, along the wadi region in the centre of CD and around the 305 
wadi region of transect HI, suggesting a fluvial influx of carbonates from the local Marrat and 306 
Khuff geology. With an absence of a good correlation of iron oxide and CaCO3 with 307 
ImageSR, linear regression techniques and mixture modelling to map accumulations surface 308 
mineralogy at the macro-scale with ImageSR are likely to be highly uncertain and were not 309 
pursued. 310 
[Fig. 6] 311 
Sediment chemistry (meso-scale) 312 
The XRF results of the local bedrock sources (SI Table 2) indicate a large source of SiO2, a 313 
potential source of iron oxide from the Fe2O3, which may be haematite or goethite, and minor 314 
amounts within the clays and feldspars from the low concentrations of Al2O3, K2O and Na2O.  315 
In the nafuds, percentages were SiO2 > 90 %, TiO2 < 0.27 %, Al2O3 < 3.37%, Fe2O3 < 0.95 316 
%, CaO < 4.36 %, Na2O < 0.63 %, K2O <1.13 % with negligible amounts from the remaining 317 
oxides P2O5 and MnO, MgO and SO3. A value of 99% quartz was measured in nearby Ad 318 
Dhana (Anton, 1984; 1993) and 94% in As Sirr (Garzanti et al., 2013). Looking specifically 319 
at the groups that infer the presence of iron oxide bearing clays and iron oxide coatings that 320 
may cause redness, e.g. Fe2O3, Al2O3, and K2O, a strong correlation with ImageSR is rare, 321 
sometimes inverse and varies transect by transect (SI Table 2). Only CaO and Na2O have a 322 
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consistent but inverse relationship to ImageSR suggesting that carbonates and sodium salts 323 
may influence the redness. Several of these oxides are also well correlated (SI Table 3). To 324 
simplify mineralogical inference and remove redundant information correlated oxides were 325 
grouped in round brackets ‘()’ and represented by an intuitive member in square brackets ‘[]’. 326 
The correlated XRF groups were: ([Fe2O3], MgO and Ti2O) ‘clay-iron’, evidence for iron rich 327 
mineralogy such as haematite, goethite, ilmenite etc. and clay minerals; ([Al2O3], Na2O, K2O) 328 
‘clay-feldspars’, evidence for clay minerals, and feldspars from igneous and sedimentary 329 
prominence; CaO ‘calcite-gypsum’, as evidence for calcite and gypsum and; SiO2 ‘silica’, as 330 
evidence of quartz. It was deduced that the CaO was largely a reflection of calcite and 331 
gypsum after eliminating the probability of Ca in clays and other carbonate minerals (see SI 332 
Table 2 for explanatory notes and micro-scale analysis for details). The amounts of these 333 
XRF mineral groups also vary between each transect and have characteristic range in % w/v 334 
(Fig. 3 (c, d, e)).  Correlations to ImageSR are poor except for a consistently weak inverse 335 
relationship to ‘calcite-gypsum’ in all transects (Fig. 3 (e)).  However, when considered as a 336 
mix together and using a normalised ratio, the proportions of ‘clay-feldspars’ and ‘clay-iron’ 337 
to ‘calcite-gypsum’ become positively correlated to ImageSR (Fig. 6 (b)).  338 
Spectral analysis (meso-scale) 339 
The laboratory spectral analysis produced spectral signatures typical of sand samples (e.g. 340 
Bullard & White 2002; Ben-Dor et al., 2006; Levin et al., 2007; Roskin et al., 2012). When 341 
convoluted to the Landsat wavebands and converted to LabSR produced a good proportional 342 
agreement with ImageSR (SI Fig.1) indicating any spectral conclusions drawn from the 343 
analysis of the laboratory samples should be a fair reflection of what the ImageSR portrays. 344 
The LabSR of the iron rich dust sample (0.459) was in the same range as the samples.  Hull 345 
differencing found the absorption feature depth at ~540 nm in the visible part of the spectrum 346 
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with depths of between 4.5% and 11.0%. Although the absorption feature depth increased 347 
with ImageSR as expected (Fig. 6 (c)), the relationship of feature depth was much better 348 
when considering a mix of the chemistry (Fig. 6 (b)) rather than with just surface iron oxides 349 
(Fig. 6 (a)).  350 
Physical and mineralogical analysis (micro-scale) 351 
Illustrated most strikingly between thin sections of dune sands and of interdunes sediments 352 
close to the buried wadi along transect CD there are distinct contrasts in sediment 353 
composition, characteristics, particle mixing and mineralogy. Dune sands are well rounded 354 
quartz grains with distinct uniform iron oxide rims coating the grains and occasional 355 
punctuations of thicker clay coatings (e.g. Fig. 7 (a)), whereas the inter-dune sands, close to 356 
the buried wadi, contain the same characteristic iron coated quartz dune grains mixed 357 
amongst larger and smaller angular grains of feldspars, gypsum and calcite. There are fewer 358 
incidences of iron rims on all the clasts especially the more angular grains (e.g. Fig. 7 (b)).  359 
[Fig. 7] 360 
SEM analysis of transect samples confirmed the rounded morphology of dune sand grains 361 
found in the thin sections of the samples with the highest ImageSR on the dome dunes south 362 
of the buried Wadi (e.g. Fig. 8 (a)). The mineralogy of the dune samples was confirmed with 363 
EDX spectra as being mainly quartz, with bright patches on occasional grains as evidence of 364 
iron-coatings responsible for the red colour of silicate rich sands. Clay, calcite or gypsum 365 
grains are rare in these samples including a lack of evidence of feldspars. In these cases, we 366 
can deduce that the source of the XRF Fe2O3 mostly originates from iron oxide coatings 367 
found on the quartz sand grains. These iron-coated, rounded quartz sands have a moderately 368 
sorted peaked distribution (e.g. Fig. 8 (a)). At the other extreme, samples from interdunes 369 
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with lower ImageSR near the buried wadi (e.g. Fig. 8 (b)) agree with the thin section findings 370 
(Fig. 7 (b)) showing that there is a mix of clast sizes, and degrees of roundness with a flatter 371 
bimodal sorting distribution. At this scale it was observed that there were clasts of calcium 372 
carbonate and CaSO4 minerals as the major source for the CaO in the XRF. This confirmed 373 
that CaO did not solely reside on clay fragments. EDX spectra indicated a broader 374 
composition of quartz, feldspar, clays, and calcite grains. Many grains are coated with clay 375 
fragments and incidences of rounded iron-coated grains that are characteristic of the 376 
intermixed silicate rich dune sediment were present but rare. Although these two examples 377 
illustrate the extremes in sorting on dunes and interdunes, in the other SEM samples, 378 
depending on location, some dunes resembled sorting characteristics of interdunes, 379 
particularly in the wadi region, close to the western edges of the nafuds near the sabkahs, and 380 
in the dome dune region across the eastern side of transect HI across Nafud Al-Thuwayrat 381 
(e.g. Fig. 8 (c)). In contrast, to the north of the buried Wadi, linear dunes on the east of 382 
transect AB across Nafud Al-Mazhur are better sorted quarts grains with iron oxide coatings 383 
and few clays (e.g. Fig. 8 (d)). These surface features, mineralogy and grain size 384 
characteristics are scaled into the illustrated meso-scale sorting profiles that determine the 385 
dominant Munsell colours (Fig. 5), and along with the XRF composition (Fig. 3) identify the 386 
spatial variation in colour controls in the transects and the overall spatial controls on 387 
ImageSR in the study area (Fig. 2). 388 
[Fig. 8] 389 
Discussion 390 
A multi scale analysis has shown that in this study area, a ‘one size fits all’ explanation of 391 
colour and process was not feasible using macro-scale evidence alone.  A better 392 
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understanding of sand colour was possible with field knowledge utilising an improved and 393 
strong sampling strategy avoiding the exclusion of interdunes and spatial variations in sorting 394 
and mineralogy (Ben-Dor et al., 2006; White et al., 2001; 2007).  Macro-, meso- and micro-395 
scale observations in the study area revealed many of the samples across the transects 396 
contained more than just iron oxide coated quartz grains providing evidence that there were a 397 
range of different processes determining colour beyond the conventional colour interpretation 398 
(Bullard and White, 2005). Dependent on geomorphic location and processes operating there 399 
was a mix in different proportions of calcite, gypsum, feldspars and clays and airborne dust 400 
sources of different provenance. Understanding the spatial variation of these factors enabled a 401 
better interpretation of the landscape from sand sea colour.  402 
At the macro-scale, the satellite imagery shows a base structure of well-defined linear, and 403 
dome dunes. The linear dunes reflect the sediment transport paths that are a result of the north 404 
westerly component of the Shamal winds (Fryberger et al., 1984), the dome dunes form south 405 
of the Wadi Al-Rimah. These sand dunes do not directly align with the overall divisions and 406 
gradation in ImageSR of the study area.  According to Warren (2013) redness is a function of 407 
the amount of crystallised haematite in the grain coatings. The degree of redness does not 408 
completely correspond to the patterns of dunes and must be caused by the delivery of 409 
sediment from a range of different localised provenances which is reworked into the existing 410 
geochemistry (Whitney et al., 1983; Anton & Ince, 1986; Garzanti et al., 2013). To assume 411 
that ImageSR is detecting the change in concentration of iron oxide caused by abrasion and 412 
sorting on a homogenous substrate is now questionable, particularly as the imagery and field 413 
observations also found a variety of localised fluvial and evaporitic sediment sources feeding 414 
into the system.  Nevertheless, the overall spatial changes in colour across the study area give 415 
a better indication on the extent, intensity, and probably more significantly, the activity of 416 
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different geomorphic processes operating across the desert surface. Additionally, colour 417 
contrasts between dunes and interdunes, some of which contained Holocene paleolakes 418 
between the linear dunes (e.g. as McClure, (1976) identified in the Rub’al Khali) show that 419 
there are localised processes of sediment sorting within the wider sediment distribution and it 420 
was possible to identify sources of clay and evaporite salts from the positions of sabkha and 421 
khabra adjacent to the nafuds. Hence this general overview from ImageSR requires meso- 422 
and micro-scale evidence to piece together in more detail the range of processes operating.  423 
At the meso-scale, the correlation of ImageSR between the satellite images and the surface 424 
samples allowed a sounder interpretation into the causes of colour change measured on the 425 
imagery. Most surprisingly the measurement of iron oxide coatings (DiFe) did not correlate 426 
as well to ImageSR (Fig. 6 (a)) or the iron oxide absorption feature at ~540 nm (Fig. 6 (c)), 427 
central to the ImageSR calculation of Bullard and White (2005), supporting the idea that sand 428 
colour and ImageSR is influenced by material other than iron oxides. Although it has been 429 
found that the DiFe method can extract additional non-red iron minerals from fine materials 430 
increasing the iron oxide estimate (Lui et al., 1995) extensive covering or high incidences of 431 
iron oxide or iron bearing clays were rarely observed under the microscope. Moreover, many 432 
of the samples contained a mix of sediment other than iron coated silicates. The reflectance of 433 
calcite and gypsum is relatively high in the visible portion of the spectrum and will mask the 434 
depth of the iron oxide absorption feature. ImageSR calculations therefore cannot solely 435 
equate to the iron oxides (SI Table 1 and SI Fig. 2). This correlation of mixed sediments with 436 
the ImageSR calculation was consistent with the XRF data using the ratios of ‘clay-feldspars’ 437 
and ‘clay-iron’ to ‘calcite-gypsum’ (Fig. 6 (b)). Although mineralogy cannot be differentiated 438 
from XRF, many other minerals were inferred through use of the XRF groupings and 439 
evidence from the micro-scale analysis. Furthermore, the XRF results found that even if the 440 
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amounts of potentially iron bearing ‘clay-feldspar’ and ‘clay-iron’ increase, a fairly small 441 
increase in amounts of ‘calcite-gypsum’ will counter any prediction of iron oxide 442 
concentration using ImageSR (Fig. 3 (d, e)). This outcome is supported by the work of 443 
Roskin et al., (2012) who found that sand samples with higher amounts of calcite did not 444 
show a positive link with a redness index. Balsam et al., (2014) conversely found that 445 
increasing calcite amounts can highlight the red coloured haematite in spectra. However, this 446 
was after these samples were milled, destroying any optical properties influenced by crystal 447 
structure, sorting, mixing and surface coatings found with in situ samples. Ben-Dor et al. 448 
(2006), working in a more wet coastal dune region, also highlighted that in interdune areas 449 
organic matter, chlorophyll (at around 680nm) and soil moisture would be problematic to 450 
spectra and elected to avoid predictions of interdune mineralogy. In the study area it was not 451 
necessary to treat interdunes in this way as they did not contain the density of vegetation 452 
found in coastal interdunes. 453 
Sieving of dune and interdune samples into different phi sizes showed different colours were 454 
common in different sand fractions and that specific colours are emphasised dependant on 455 
sorting profiles and sediment geochemical processes, therefore resulting in mixing of the 456 
different grains. This differentiation of colour was also found by Anton & Ince (1986) in 457 
several nafuds across Saudi Arabia. They concluded that, rather than age and aridity, local 458 
sediment colour in each sand field was affected by the nearby provenance of materials such 459 
as bedrock and alluvial soils, then subjected to their own variations of the colour determining 460 
processes.  461 
Using the proportions of the XRF mineral groups with the grain size characteristics (Figs. 3, 462 
4) the localised variations on colour due to spatial differences in provenance, transport 463 
pathways and processes of sorting and mixing is now recognised across the study area. At 464 
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one extreme, the east of Transect AB, these results found that high ImageSR values tend to be 465 
fine grained silica rich sands (ϕ 2-3) iron oxide. Within the narrow sorting range Munsell 466 
colour analysis indicate this particle size tends to have an increasing probability of yellowish-467 
red and reddish-yellow colours and is indicative of accumulation or abrasion of iron oxides 468 
caused by aeolian activity. At the other extreme, in the interdunes of CD, lower ImageSR 469 
values tend to have more coarse sand (ϕ 0-1) and less fine sand (ϕ 2-3) increasing the 470 
probability of reddish-yellow and pink material (Fig. 5). These samples are indicative of 471 
mixed provenance where geochemical carbonates and fluvial material combine with quartz 472 
and iron-rich aeolian material. With these two extremes a simple local synopsis of 473 
geomorphic processes can be built on. The east of transect AB is mainly a result of aeolian 474 
sorting and transport from a single northerly provenance, whereas CD and the west of AB is a 475 
mix of fluvial and aeolian material from multiple sources. EFG and HI, also with mixed 476 
sediments, are downwind of the Wadi and in the east show aeolian reworking as there is less 477 
‘calcite-gypsum’ and increased amounts of finer grained iron coated quartz sand.  478 
At the micro-scale, it was possible to determine mineralogy better than the XRD silica 479 
dominated signatures and deduce the contents of the XRF mineral groups from thin section, 480 
SEM and EDX element spectra. The sands varied from highly uniform quartz grains to a 481 
broad mix of material including the highly reflective calcites and gypsum grains. Confirmed 482 
with the HCl analysis, this presence of carbonate minerals, supplied in greater quantities at 483 
the edges of the nafuds and along the wadi region by ephemeral drainage, indicates an influx 484 
of carbonates from the local Jurassic and Permian limestone geology. At this scale it was 485 
possible to see the presence and distribution of iron coating on the sediment clasts and how 486 
this related to the surrounding landscape. The variation in coatings was linked to the 487 
processes occurring on the linear and dome dunes, and between these dune types; within 488 
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different locations of the dune form, i.e. dunes versus interdunes; between geomorphic 489 
locations, i.e. wadis versus palaeolakes, sabkha and khabra, dunes and interdunes. In terms of 490 
provenance of the iron coatings on the quartz sediment clasts, analysis identified that the 491 
redness is only present largely coating the rounded clasts. The sand grains were therefore 492 
rounded prior to the formation of a red coating. This is exactly the descriptions that Phillips 493 
(1882) and Warren (2013) have used to argue that the redness of sediments is from dust. The 494 
dust sample analysed contained 8.96 mg/L of iron oxide, several times greater than the 495 
average of the sand samples, 0.51 mg/L. This fine iron oxide rich material (ϕ > 5) can be 496 
deposited and entrained anywhere and in areas that experience periods of relatively low 497 
energy and activity. It appears that dust accumulation is likely to intensify the redness of 498 
sands.  499 
Sediment movement  500 
Although there are basic models of sand origins in these sand seas, which are built on 501 
relatively regional sampling schemes (Whitney et al., 1983; Anton and Ince, 1986; Garzanti 502 
et al., 2013), our detailed transect method has highlighted that fluvial activity may be more 503 
influential on sediment mixing and control of dune types at more localised scales than 504 
previously considered. In Nafud Al-Mazhur (transect AB) the linear dunes deliver sediment 505 
from the NNW via the ‘Shamal’ winds. On the east side, high ImageSR indicates that 506 
sediment is a homogenous and well sorted mainly quartz material which originates from the 507 
An Nafud as described by Garzanti et al., (2013). On the west side of the sand sea even 508 
though the same dune forms and wind regimes persist over the landscape, lower ImageSR 509 
values are interpreted to indicate a more heterogeneous mix of sediment. Tracing northwards 510 
out the study area these dunes cross the local geology including a Devonian outcrop of the 511 
Jauf Formation, a calcareous siliclastic rock, and probably receive eastward drifting material 512 
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from local nafuds on the Arabian shield to the west. This detailed analysis confirms 513 
suggestions that the central Arabian nafuds do have additional localised sources (Whitney et 514 
al., 1983; Anton & Ince, 1986; Garzanti et al., 2013).   515 
In the study area, local sediment sources are also delivered via small wadis which have 516 
passed over the local sandstones, gypsum and limestone units. The larger Wadi Al-Rimah 517 
introduces sediments from further afield in the Arabian shield, as well as these local units 518 
(transect CD). In a regional overview, where previous sampling was located on the limits of 519 
this study area, choking of Wadi Al-Rimah by the sand seas may have blocked any detectable 520 
mineralogical input from the wadi to the sand seas (Garzanti et al., 2013). This is not true in 521 
the immediate vicinity of the wadi-sand sea interface. At more localised scales fluvial activity 522 
is evident from ponding of surface water in the sabkahs and khabra, adjacent to the sand seas, 523 
segregating finer clays, silt and salts susceptible to transport as iron-rich dust across the sand 524 
seas by the weak westerly’s that occur between the northerly ‘Shamal’ winds (Whitney et al., 525 
1983). There are also palaeolakes and evaporites in the interdune areas, likely to be fed by 526 
sub flows in choked wadis, like Al-Rimah, that can recharge groundwater from sub surface 527 
flows (Vincent, 2008).  Collectively these localised processes contribute to the transition 528 
from paler and less well sorted sediments in the west with a heterogeneous mix of mineralogy 529 
to better sorted homogenous sands to the east sides of these sand seas.  530 
The dune type transition from linear to the dome dune types coincide with the buried Wadi 531 
Al-Rimah. ImageSR shows that sorting and mixing properties of the sediment change 532 
downwind of that crossing point. Moving from west to east the fluvial material is being 533 
diluted in proportion to aeolian sediment, and on the east side where little fluvial material is 534 
present, the red aeolian sediment is better sorted and more homogenous in nature. In the 535 
linear dunes the lower ImageSR values infer there is more activity and abrasion of the sands 536 
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in comparison to the dome dunes to the south of the Wadi Al-Rimah (Fig.2). Reduced aeolian 537 
activity in the domes causes sand accumulation allowing finer more red fractions to 538 
accumulate. Here the conditions for the incorporation of iron rich dust, from multiple 539 
directions and sources (Draxler et al., 2001; Cornforth, 2013; Alharbi et al., 2013; Notaro et 540 
al., 2013; Yu et al., 2013), are enhanced and unlike areas of greater sediment movement, a 541 
build-up can occur which will accentuate the red colour. Calculations of equivalent sand 542 
depth to the south east of the buried wadi in Nafud Al-Thuwayrat have found evidence that 543 
the sand is indeed accumulating in the reddest areas as it is deeper than the rest of the study 544 
area (Khalaf, 2012). In the interdunes dust is either moved away or diluted by evaporites and 545 
incoming wadi sediments. Whatever the mechanism, deposition of finer sands is favoured 546 
downwind of the Wadi Al-Rimah. Additionally, a change in moisture due to wetter clasts 547 
south of the Wadi may alter thresholds in aeolian transport processes, combined with a 548 
change in wind patterns, perhaps related to the strength of the westerlies (Whitney et al., 549 
1983) along the course of the Wadi Al-Rimah.  550 
This multi-scale approach using ImageSR and ground observations has provided a modern 551 
analogy of the sediment sources and contributions of fluvial, aeolian and palaeolake 552 
accumulation processes including the scale, extent and outcomes of sediment distribution 553 
processes on these sand seas. In the Negev, Roskin et al., (2012), found the sediment 554 
characteristics and the colour of stratigraphic profiles change with depth as tongues of 555 
material, introduced from different provenances, switch through time.  Evidence for the 556 
continuation of Wadi Al-Rimah into Kuwait (El-Baz & Al-Sawari, 1996) indicates that the 557 
Wadi system through Nafud Al-Thuwayrat has been more dominant in the past. To 558 
understand this ebb and flow between fluvial and aeolian processes, this modern colour 559 
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signature should provide a better understanding for palaeoenvironmental reconstruction in the 560 
stratigraphic profile.  561 
8. Conclusion 562 
Sub-continental analysis with spot sampling of sand colour and mineralogy can overlook the 563 
subtleties of local mineralogical variations of inland sand seas. Given the duration of large 564 
scale dune forms, these localised perturbations reflect the superimposition of complex 565 
sediment mixing, composition and activity that may well be more informative indicators for 566 
palaeoenvironmetal reconstruction. Interpreting colour from optical images and assuming 567 
equivalence between scales requires care. It is recommended to use caution with ImageSR 568 
unless meso- and micro-scale knowledge is considered in depth. This is most crucial where 569 
mixed provenance and sediment sorting can influence ImageSR in a way that will undermine 570 
age and distance of transport relationships (Warren 2013), conventionally interpreted as the 571 
amount of iron oxides present (e.g. Muhs & Holliday, 2001; Bullard & White, 2005; White & 572 
Bullard, 2009). Furthermore, the meso- and micro scale evidence found a strong case for dust 573 
as an intensifier of redness much as Phillips (1882) and Warren (2013) described from the 574 
iron coatings found on rounded grains.  These findings have helped towards understanding 575 
sediment sources and patterns of sand movement in central Saudi Arabia. 576 
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Table 1: Examples of research into sand redness and the methods used to measure redness or sand colour showing the combinations and different 781 
scales of analysis used. Mic., Mes., Mac., = Micro-, Meso-, and Macro-scale respectively 782 
     Mic. Mes. Mac.  
Paper Location Environment General Study Sampling 
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Gardner (1981) 
Gardner (1983) 
SE India, Sri 
Lanka and the 
Natal 
Coastal sands subject to high seasonal 
rainfall from either monsoon or summer rain 
Pedogenesis in soil profiles Stratigraphic 
• •  • •        1 
Pye 1983  NE Australia Coastal dunes in the wet tropics Pedogenesis in dune profiles Stratigraphic  • • • •    •    1, 3, 8 
Wasson (1983) Simpson – 
Strzelecki desert, 
Australia 
Inland dune system with some palaeolakes 
and creeks 
Sediment transport and 
deposition in relation to colour 
ageing 
Surface and 
stratigraphic 
profiles 
• • • • •    •     
Anton and Ince 
(1986) 
Saudi Arabia Saudi Arabian sand seas Provenance or process 
determining colour? 
Archived samples 
   •      •   2 
White et al. 
(1997) 
Namib Coastal to inland dune field containing 
ephemeral river, increasing moisture inland 
Determine iron oxide 
concentrations 
Along transect, 
forms unspecified 
      •     •*  
Walden and 
White (1997) 
Namib Coastal to inland dune field containing 
ephemeral river increasing moisture inland 
Identify source materials causing 
colour 
Along transect, 
forms unspecified 
   •   • •    •*  
Walden et al. 
(2000) 
Namib Coastal to inland dune field containing 
ephemeral river increasing moisture inland 
To identify Fe minerals and 
ascertain environmental controls 
on their formation 
Along transect, 
forms unspecified        •    •* 3 
White et al. 
(2001) 
Rub ‘Al Khali, 
UAE. 
Northern part of sand sea next to the coast Geochemistry in relation to 
provenance and weathering 
Top of active slip 
faces 
      •    • •* 4 
Bullard and 
White (2002) 
Simpson – 
Strzelecki desert, 
Australia 
Inland dune system with some palaeolakes 
and creeks 
Surface colour and iron oxides Surface dune crests 
   •   •    • • 5 
Muhs et al. 
(2001) 
SW USA Aeolian dunes near Colorado river Contribution of river sediments 
to dunes in pathway of aeolian 
transport direction   
Sub surface 
samples     • •  •    •  
Muhs (2004) Various, N 
America, Africa, 
Australia  
Mainly inland dune fields with the exception 
of the Namib 
Provenance and evolution of 
dunefields 
 
    • •        
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•* = spectral mixture modelling, 1 = Transition Electron Microscopy, 2 = Microscopes, 3 = Mössbauer analysis, 4 = Carbonate removed with HCl, 5 = Tamms reagent, 6 = Abrasion 783 
experiments, unspecified FeO estimate, 7 = Digital elevation model, 8 =Extraction of Fe, Al and Mg with HCl,  784 
 785 
Bullard and 
White (2005) 
 
Laboratory Sample from Queensland, Australia Rate of dust production and loss 
of iron oxides by abrasion 
Not known 
   •      • •   
Levin et al. 
(2006) 
NE Brazil Coastal dune fields with high precipitation Surface colour and weathering Surface dune tops, 
slopes and beaches 
        •  • •  
Ben Dor et al. 
(2006) 
Israel Coastal dunes Pedogenesis in coastal dunes Dune surfaces only 
   •   •    • •  
White et al. 
(2007) 
Namib Whole sand sea between coast and 
escarpment crossed by ephemeral rivers 
Relationship of colour to 
provenance, weathering and 
transport 
Surface dune faces 
      •     •*  
White and 
Bullard (2009) 
Muleshoe USA Windblown sands in a dry valley Reduction in redness with 
abrasion during downwind 
transport 
Series of 
downwind samples  •  •       • •* 6 
Fitzsimmons et 
al. (2009) 
Strzelecki and 
Tirari desert, 
Australia 
Dune fields on desert pavement and 
floodplain 
Identification of paleosols Stratigraphic 
•    •    •     
Roskin et al. 
(2011a) 
Aeolian res 
Negev, Israel Dune fields with coastal and deltaic origin Time and transport relationships 
with redness 
Stratigraphic 
profiles         •  • •  
Bradley et al. 
(this paper) 
Central Saudi 
Arabia 
Inland sand seas crossed by ephemeral wadi 
in arid region 
Relationship of colour controls 
on image spectral redness 
Surface of dunes 
and inter dunes 
• • • • • • •  • • • • 2,7 
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Figure 1. 
 
Fig.1. (a) Google map of the Saudi Arabian Peninsula showing the major sand seas, An 
Nafud (1) the Rub’ Al Khali (2) and the Arabian Shield (3), in relationship to the study area, 
(b) Landsat ETM+ satellite image (Bands R3, G2, B1) showing the colour variation of the 
study area, sample and transect locations, and geomorphic areas used in the analysis. (c) 
Generalised synopsis of exposed major geological units (Manivit et al., 1986) with sand sea 
cover and surface drainage (arrows).  
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Figure 2 
 
Figure 2. (a) Image Spectral Redness (ImageSR) values of the sand in the study area, with the 
Wadi Al-Rimah, the approximate location of the buried wadi (dashed), sample transects, and 
the major geomorphic areas (refer to Fig. 1 for nafud locations). (b) ImageSR values for each 
of the transects by geomorphic area. 
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Buried wadi 
bed 
Drainage line 
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Figure 3. 
 
(a) 
(b) 
(c) 
(d) 
(e) 
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Fig. 3 (a – e). The key influences on ImageSR values for the sample transects AB, CD, EFG, 
HI with dunes (solid symbols) and interdunes (outlined symbols). Physical properties: (a) 
sorting range (φ); (b) fine sand, coarse sand (%); and key XRF mineralogical groups; (c) 
‘Silica’ [SiO2]; (d) ‘clay-feldspars’ [Al2O3] and ‘clay-iron’ [Fe2O3] and; (e) ‘calcite-gypsum’ 
[CaO] (% w/v), see text for explanation of groups.  
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Figure 4 
 
Figure 4. Selected sorting profiles for dune and interdunes representing: (a) the linear dunes - 
transect AB); (b) wadi - CD; (c) dome - EFG and; (d) across the linear, wadi and dome 
regions respectively - HI, labelled with ImageSR calculated at the sample location. Grain size 
category:  G = granules; VCS = very-coarse-sand; CS = coarse-sand; MS = medium-sand; FS 
= fine-sand; VFS = very-fine-sand; SC = silt and clay. Grey highlights show the key fractions 
that influence colour and redness of the sands between φ 0 and φ 1, and φ 2 and φ 3. 
Dunes Interdunes 
(a)  
(b)  
(c)  
(d)  
0.473 
0.470 
0.429 0.450 
0.462 
0.451 
0.463 
0.439 
0.435 
0.456 
0.444 
0.426 0.455 0.431 
0.433 
0.435 
0.444 
0.378 
Sorting 
Fraction 
       
G VCS CS MS FS VFS S
C 
             
G VCS CS MS FS VFS S
C 
 
   
   
   
   
    
    
    
This is the accepted version of the following article: Bradley AV, McLaren SJ, Al-Dughairi A, Khalaf  N, ‘A multi-scale 
approach interpreting sediment processes and distribution from desert sand colour in central Saudi Arabia’ Earth 
Surface Processes and Landforms, 2018 which has been published in final form at https://doi.org/10.1002/esp.4438  
This article may be used for non-commercial purposes in accordance with the Wiley Self-Archiving Policy  
https://authorservices.wiley.com/author-resources/Journal-Authors/licensing-open-access/open-access/self-
archiving.html 
44 
 
Figure 5 
 
Figure. 5: The proportion of each colour identified using complete bulk (Blk) samples and the 
proportion of each colour of all samples after sieving into the different sorting fractions: G – 
Granules; VCS – Very-coarse-sand; CS – Coarse-sand; MS – Medium-sand; FS – Fine-sand; 
VFS – Very-fine-sand; SC – Silt and clay.  Colour is measured and displayed using the true 
Munsell colour values (Munsell, 1975) and labelled with abbreviations for grayscale copy.  
Phi (φ) divisions are given below and the stipple shows the percentage of samples where 
there was no fraction after sieving. Grey highlights indicate the key sorting ranges identified 
to influence colour (as Fig.4). 
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Figure 6 
 
 
Fig. 6. ImageSR correlations with: (a) Surface extracted iron oxide (DiFe: R
2
 = <0.001, p 
0.90); (b) the ratio of ‘clay-feldspars’ + ‘clay-iron’ to ‘calcite-gypsum’ (R2 = 0.27, p<0.001) 
and; (c) iron oxide absorption feature depth at 540 nm (R
2
 = 0.33, p<0.001. 
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Figure 7 
 
Fig. 7. (a) Nafud Dasmah within the Nafud Al-Thuwayrat. Dune sands with clay coatings and 
an abundance of iron oxide rims (orange-brown edges denoted by black arrows), 
magnification x20; (b) the edge of Wadi Al-Rimah showing a mix of dune sands and wadi 
sediments. The dune sands show clay coatings and thin iron oxide rims (black arrows) but the 
coarser angular wadi sediments do not have rims, magnification x10. Examples of: rounded 
aeolian clasts, a; reworked aeolian clasts, ra; and angular fluvial clasts, f, are shown. 
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Figure 8
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Fig. 8. Examples of SEM backscatter images with point specific EDX signatures (arrowed), 
and grain-size distribution from the particle size analysis with grey highlights and ImageSR 
corresponding to Fig. 4. (a) Transect-G3, a well-sorted dune ~φ2. There are similar sized 
quartz clasts with bright areas that are identified from the EDX spectrum (Fe) as surface iron 
oxide coating; (b) Transect-CD9, a poorly-sorted interdune ~φ -1 to 4 from the wadi area. 
There is a mix of clast sizes and fragments coating the grains, the EDX spectrum indicates a 
composition of quartz (Si), feldspar, clays, and calcite (K, Al, Ca) of wadi sediments. Some 
dune sand grains show bright patches of iron oxide coating. (c) Transect- HI 11. An interdune 
between dome dunes is rich in quartz and EDX shows the presence of calcite (Ca). These 
grains are well rounded and sorted across a wide range of φ. (d) Transect-AB10 a linear dune 
sample. Well-rounded and sorted ~ φ2 quartz sand grains (Si) with EDX evidence of iron 
oxide coatings (Fe), note the black arrows show evidence of scaling where clay platelets 
ought to have accumulated. 
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SUPPLEMENTARY INFORMATION 1 
A multi-scale approach interpreting sediment processes and distribution from desert sand colour in central Saudi Arabia. 2 
Andrew V Bradley, Sue J McLaren, Ahmed Al-Dughairi, Nadia R Khalaf. 3 
1. Remote sensing: image (macro-scale) and sample spectra (meso-scale) 4 
a. Image spectral redness calculation. 5 
On the satellite image, where each sediment sample was collected, the average ImageSR value was calculated in a 3 by 3 window, with a pixel 6 
size of 30m resolution, to allow for positional errors and local spectral variability. ImageSR calculation, Eq. (1).  7 
SR = R3 / (R1+R2+R3),         (1) 8 
where SR = ImageSR, R1, R2, R3 = reflectance in spectral bandwidths for Landsat ETM+ bands 1, 2 and 3 (Bullard & White, 2002).  9 
b. Sample reflectance 10 
The relative reflectance of each sample was measured between 400 nm and 1000 nm at 5 nm intervals using an Analytical Spectral Devices 11 
(ASD) FieldSpec3 spectroradiometer with a Spectralon
®
 SRM990 white polytetrafloroethylene reference panel. LabSR values were calculated 12 
using Eq. 1 and after convolving the spectra to equivalent Landsat bandwidths the results were positively correlated with ImageSR (Fig SI 1).  13 
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  14 
SI Fig. 1. Correlation between ImageSR and LabSR (R
2
 0.48, p>0.001,) 15 
c. Feature depth calculations 16 
This is the accepted version of the following article: Bradley AV, McLaren SJ, Al-Dughairi A, Khalaf  N, ‘A multi-scale approach interpreting sediment processes and distribution from 
desert sand colour in central Saudi Arabia’ Earth Surface Processes and Landforms, 2018 which has been published in final form at https://doi.org/10.1002/esp.4438  This article may be 
used for non-commercial purposes in accordance with the Wiley Self-Archiving Policy  
https://authorservices.wiley.com/author-resources/Journal-Authors/licensing-open-access/open-access/self-archiving.html 
51 
 
 17 
SI Fig. 2: Laboratory spectra and hull differencing was used (Clark & Roush, 1984; Green & Craig, 1985) to calculate the feature depth of the 18 
iron oxide absorption feature. Here are three examples from Transect AB 1 a dune, Transect AB 6 an interdune, Transect AB 10 a dune. RR, 19 
Relative Reflectance are the lower plots scaled on the left axis and Fd, Feature depth, are the upper plots after hull differencing, scaled on the 20 
right axis. Grey shading represents width of Lansdsat ETM bands 1-3, to which the laboratory spectra are convolved. These bands are used for 21 
3 
  
2 
  
1 
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the ImageSR calculation. When there are larger proportions of CaO (‘calcite-gypsum’) the Fe2O3 (‘clay-iron’) and Al2O3 (‘clay-feldspar’) have 22 
less of an influence on the absorption feature depth (Fd) and ImageSR is lower than would be expected (Table SI 1). 23 
 24 
SI Table 1.  25 
Site Form Fd ImageSR Fe2O3 Al2O3 CaO 
AB 1 Dune 8.6% 0.45 0.47% 2.11% 0.78% 
AB 6 Interdune 6.8% 0.42 0.13% 0.57% 0.20% 
AB 10 Dune 9.4 % 0.46 0.34% 1.1% 0.07% 
 26 
  27 
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2. X-ray Flourescence (XRF) analysis (meso-scale) 28 
SI Table 2: Proportions of chemical constituents (oxides) from X-Ray Florescence for the local bedrock and sand samples. The latter, arranged 29 
in rank order of ImageSR. The least squares regression between the oxides and ImageSR is shown at the bottom of the table (- = negative slope) 30 
and where r
2
 < 0.30 values are left out for clarity. There are very low values of sulphur and the preparation yielded very low Loss On Ignition 31 
(LOI) percentages, average, 0.71% (typically, this means that gypsum is likely to have been present but in very small amounts). It was found that 32 
CaO correlates well with LOI, which indicates that the LOI is quite likely to be from CO2 rather than water if we assume that the CaO is mainly 33 
calcium carbonate – not unreasonable as CO2 was detected by washing samples with HCl in the % carbonate analysis. The remaining difference 34 
between LOI and CaO may well be from water locked up in clay minerals (Norry, personal communication, 2016). The oxides were compared in 35 
a pairwise fashion to identify the most correlated oxides (Table SI 3). 36 
 37 
     XRF % w/v (2 d.p.) 
     
SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI 
                 
 
 Geology 
 
Jihl 91.58 0.24 1.83 4.49 0.01 0.10 0.53 0.02 0.03 0.03 0.04 1.27 
 
 
  
Minjur 91.55 0.54 0.45 2.72 0.01 0.07 2.42 0.02 0.01 0.03 0.01 2.45 
 
 
  
Saq 98.20 0.06 0.58 0.46 0.01 0.15 0.23 0.03 0.02 0.03 0.00 0.59 
                 
ISR 
Rank 
Transect Nafud Side Form SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI 
1 G 3 Sabalah E Dune 96.57 0.10 1.15 0.32 0.01 0.14 0.69 0.11 0.28 0.02 <0.002 0.90 
2 F 6 Thuwayrat E Dune 98.43 0.09 1.44 0.32 0.01 0.10 0.13 0.15 0.49 0.01 0.01 0.46 
3 F 5 Thuwayrat E Dune 96.18 0.13 1.84 0.31 0.01 0.12 0.12 0.20 0.65 0.02 <0.002 0.48 
4 AB 17 Mahzur E Dune 0.06 0.54 0.21 0.01 0.03 0.03 0.03 0.07 0.01 0.00 0.28 101.18 
5 AB 15 Mahzur E Dune 97.57 0.04 0.71 0.23 0.00 0.06 0.04 0.05 0.11 0.01 0.01 0.44 
6 F 4 Thuwayrat W Dune 96.00 0.09 2.30 0.39 0.01 0.13 0.13 0.29 0.79 0.01 0.00 0.54 
7 F 7 Thuwayrat E Dune 96.65 0.08 2.49 0.26 0.01 0.27 0.12 0.20 0.65 0.02 <0.002 0.51 
8 HI 1 Thuwayrat E Dune 97.04 0.07 1.55 0.32 0.01 0.10 0.12 0.18 0.53 0.02 0.01 0.44 
9 AB 13 Mahzur E Dune 98.83 0.04 0.77 0.21 0.01 0.05 0.04 0.06 0.14 0.01 0.00 0.32 
This is the accepted version of the following article: Bradley AV, McLaren SJ, Al-Dughairi A, Khalaf  N, ‘A multi-scale approach interpreting sediment processes and distribution from 
desert sand colour in central Saudi Arabia’ Earth Surface Processes and Landforms, 2018 which has been published in final form at https://doi.org/10.1002/esp.4438  This article may be 
used for non-commercial purposes in accordance with the Wiley Self-Archiving Policy  
https://authorservices.wiley.com/author-resources/Journal-Authors/licensing-open-access/open-access/self-archiving.html 
54 
 
10 HI 7 Thuwayrat E Dune 96.32 0.19 1.81 0.56 0.01 0.20 0.23 0.31 0.61 0.02 <0.002 0.50 
11 AB 16 Mahzur E Dune 0.06 0.60 0.20 0.00 0.05 0.03 0.03 0.07 0.02 0.00 0.32 100.79 
12 HI 4 Thuwayrat W Dune 96.25 0.09 1.67 0.39 0.01 0.09 0.11 0.23 0.58 0.02 0.01 0.40 
13 G 4 Sabalah E Dune 97.67 0.05 1.14 0.20 0.00 0.13 0.17 0.11 0.27 0.02 <0.002 0.48 
14 HI 6 Thuwayrat E Dune 97.70 0.05 1.51 0.31 0.01 0.07 0.09 0.23 0.50 0.02 0.00 0.40 
15 HI 3 Thuwayrat E Dune 95.75 0.11 2.27 0.37 0.01 0.16 0.19 0.30 0.85 0.02 <0.002 0.59 
16 HI 2 Thuwayrat E Interdune 91.55 0.16 2.25 0.66 0.01 0.29 1.77 0.28 0.76 0.03 0.02 2.01 
17 HI 5 Thuwayrat E Interdune 97.65 0.06 1.46 0.32 0.01 0.07 0.09 0.22 0.48 0.02 0.01 0.34 
18 CD 11 Thuwayrat W Dune 90.30 0.23 3.37 0.89 0.02 0.45 0.85 0.48 1.13 0.04 0.00 1.58 
19 AB 11 Mahzur E Dune 98.94 0.05 1.08 0.29 0.01 0.07 0.06 0.12 0.21 0.02 0.00 0.40 
20 AB 10 Mahzur E Dune 98.16 0.05 1.10 0.34 0.01 0.08 0.07 0.12 0.25 0.01 0.00 0.42 
21 CD 8 Thuwayrat W Dune 93.37 0.18 2.77 0.68 0.01 0.33 0.29 0.51 0.81 0.02 <0.002 0.52 
22 F 3 Thuwayrat W Dune 94.84 0.16 2.36 0.50 0.01 0.24 0.21 0.33 0.70 0.02 <0.002 0.52 
23 AB 12 Mahzur E Interdune 97.66 0.05 0.99 0.30 0.01 0.10 0.20 0.08 0.25 0.01 0.00 0.52 
24 HI 9 Thuwayrat W Dune 95.93 0.13 1.96 0.45 0.01 0.17 0.24 0.35 0.71 0.02 <0.002 0.49 
25 AB 9 Mahzur E Dune 96.54 0.05 1.46 0.32 0.01 0.08 0.10 0.24 0.44 0.02 0.00 0.37 
26 AB 14 Mahzur E Interdune 97.27 0.03 1.17 0.30 0.01 0.05 0.25 0.22 0.43 0.01 0.01 0.43 
27 CD 7 Thuwayrat W Dune 93.63 0.12 2.49 0.50 0.01 0.23 0.24 0.47 0.81 0.02 <0.002 0.49 
28 F 1 Thuwayrat W Dune 96.15 0.11 1.40 0.39 0.01 0.12 0.31 0.24 0.46 0.01 <0.002 0.53 
29 AB 1 Mahzur W Dune 94.85 0.05 2.11 0.47 0.01 0.11 0.78 0.50 0.66 0.01 0.01 0.78 
30 AB 5 Mahzur W Dune 96.31 0.06 1.88 0.34 0.01 0.10 0.24 0.41 0.60 0.01 0.00 0.42 
31 CD 10 Thuwayrat W Interdune 93.12 0.26 2.52 0.74 0.01 0.29 0.36 0.45 0.81 0.02 <0.002 0.58 
32 AB 3 Mahzur W Dune 95.19 0.05 2.05 0.31 0.01 0.10 0.40 0.49 0.66 0.02 0.01 0.52 
33 CD 6 Thuwayrat W Dune 91.90 0.27 2.86 0.95 0.02 0.36 0.54 0.56 0.86 0.02 0.02 0.63 
34 AB 7 Mahzur W Dune 96.77 0.04 1.55 0.28 0.01 0.07 0.20 0.35 0.50 0.02 0.01 0.39 
35 HI 11 Thuwayrat W Dune 95.67 0.06 1.84 0.41 0.01 0.13 0.51 0.36 0.62 0.01 0.01 0.64 
36 HI 12 Thuwayrat W Dune 95.36 0.04 2.10 0.33 0.01 0.09 0.60 0.46 0.70 0.01 0.01 0.70 
37 E 3 As Sirr E Dune 96.32 0.05 1.42 0.15 0.00 0.13 0.35 0.28 0.49 0.02 <0.002 0.50 
38 E 4 As Sirr E Interdune 97.72 0.04 1.26 0.27 0.01 0.05 0.25 0.26 0.41 0.01 0.00 0.36 
39 HI 8 Thuwayrat E Interdune 96.87 0.07 1.68 0.35 0.01 0.12 0.30 0.26 0.55 0.02 0.00 0.63 
40 F 2 Thuwayrat W Interdune 94.33 0.16 2.49 0.79 0.01 0.32 0.57 0.33 0.71 0.02 0.01 1.09 
41 HI 10 Thuwayrat W Interdune 95.99 0.06 2.04 0.37 0.01 0.12 0.32 0.38 0.72 0.02 0.00 0.52 
42 CD 4 Thuwayrat W Dune 92.90 0.11 2.91 0.46 0.01 0.17 0.58 0.58 1.03 0.02 <0.002 0.67 
43 CD 2 Thuwayrat W Dune 93.63 0.14 2.91 0.63 0.01 0.16 0.74 0.63 1.06 0.02 0.00 0.74 
44 E 1 As Sirr W Dune 96.75 0.05 1.31 0.14 0.00 0.12 0.32 0.27 0.43 0.02 <0.002 0.47 
45 AB 4 Mahzur W Interdune 98.77 0.03 0.73 0.25 0.01 0.05 0.36 0.14 0.24 0.01 0.00 0.45 
46 CD 9 Thuwayrat W Interdune 91.53 0.17 3.21 0.92 0.02 0.45 0.77 0.47 1.06 0.03 0.01 1.15 
47 CD 3 Thuwayrat W Interdune 90.61 0.17 3.13 0.67 0.01 0.32 0.96 0.54 1.11 0.03 <0.002 1.19 
48 CD 1 Thuwayrat W Dune 93.62 0.21 2.68 0.72 0.01 0.18 0.81 0.54 0.93 0.02 <0.002 0.88 
49 CD 5 Thuwayrat W Interdune 91.59 0.19 2.89 0.64 0.01 0.28 0.71 0.47 1.04 0.02 <0.002 0.97 
50 E 2 As Sirr W Interdune 94.57 0.09 2.02 0.38 0.01 0.19 0.50 0.37 0.72 0.02 <0.002 0.87 
51 AB 6 Mahzur W Interdune 98.95 0.02 0.57 0.13 0.00 0.01 0.20 0.11 0.21 0.01 0.00 0.28 
52 AB 2 Mahzur W Interdune 96.76 0.05 0.98 0.42 0.01 0.10 0.93 0.17 0.29 0.01 0.00 1.01 
53 AB 8 Mahzur W Interdune 97.82 0.04 1.07 0.27 0.01 0.06 0.34 0.17 0.37 0.01 0.00 0.53 
54 G 1 Sabalah W Dune 96.77 0.08 1.64 0.23 0.00 0.21 0.26 0.13 0.35 0.02 <0.002 0.60 
55 G 2 Sabalah W Interdune 96.18 0.14 1.31 0.50 0.01 0.13 0.71 0.12 0.33 0.02 0.00 0.89 
                 
                continued 
                 
 ISR  Correlations n Group SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI 
   
17 AB . . . . . . -0.43 . . -0.3 .   
   
11 AB dunes 0.68 . -0.85 -0.46 -0.81 -0.63 -0.44 -0.86 -0.89 . . 
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7 CD dunes -0.33 . . . . 0.74 . -0.54 . 0.35 . 
 
   
4 CD Inter -0.81 0.93 -0.75 . . . -0.8 -0.3 -0.94 . . 
 
   
11 EFG dunes . . . . 0.46 . . . . . . 
 
   
4 EFG inter . . . . 0.3 . -0.57 -0.67 0.34 . . 
 
   
12 HI . . . . . . . -0.45 . . .   
   
8 HI dunes 0.45 . . . . . -0.88 -0.73 . 0.41 . 
 
   
4 HI inter . 0.33 . . . . . -0.37 . . . 
 
 38 
 39 
SI Table 3. Pairwise correlations between the major oxides to determine the representative XRF groups.  High correlations occur against SiO2 as 40 
it is the most abundant oxide and low correlations with CaO indicates the lack of association of CaO with other oxide groups. There is a good 41 
correlation between: (i) * the alkali oxides (Na2O and K2O) and the Al oxide. MgO has a high correlation with Al2O3 and is excluded from the 42 
same group as it does not correlate with the other members Na2O and K2O. If we assume that the greater amount of Na and K form feldspars 43 
then some of the Al will contribute to clay minerals, we term this group ‘clay – feldspars’ ([Al2O3], Na2O, K2O) and (ii) ** between Ti, Fe, Mg 44 
and Mn oxides (although some MnO amounts were so small the instrument could not resolve the percentage giving a default minimum value and 45 
MnO is discounted), and we take this to indicate clays, such as illumnite and the presence of iron oxides. We term this group ‘clay – iron’ 46 
([Fe2O3], MgO and Ti2O). The XRF cannot determine that the iron oxide is red coloured haematite, but in association with observations from 47 
the SEM analysis, iron oxide coatings were identified on the surfaces of sand grains. The CaO is termed ‘calcite-gypsum’ following observations 48 
of sample mineralogy (also see caption SI Table 2). For ease of explanation one oxide was chosen to represent each group as an indicator of the 49 
changing mineralogical characteristics of the sands. Where there was no discernible trend in relation to the ImageSR, or if values were so small 50 
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that they could not be measured accurately, these oxides were eliminated and not considered as major candidates likely to influence ImageSR, 51 
e.g. MnO and P2O5. 52 
 Na2O Al2O3 K2O TiO2 Fe2O3 MgO MnO P2O5 CaO 
SiO2 0.69 0.84 0.81 0.61 0.73 0.74 0.47 0.48 0.49 
Na2O - 0.77* 0.81* 0.33 0.48 0.35 0.31 0.14 0.23 
Al2O3  - 0.94* 0.56 0.65 0.70 0.46 0.39 0.24 
K2O   - 0.48 0.58 0.55 0.41 0.33 0.26 
TiO2    - 0.79** 0.70** 0.51 0.39 0.2 
Fe2O3     - 0.73** 0.69** 0.39 0.36 
MgO      - 0.45 0.61 0.27 
MnO       - 0.26 0.2 
P2O5        - 0.3 
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 53 
3. Munsell colour analysis of bulk samples and sediment fractions (meso-scale) 54 
 55 
SI Table 4: Munsell colour ratings for bulk sample and sample size fractions collected from a random sample of study sites in rank order of 56 
ImageSR. Different fractions have a distinct dominant colour range that overlaps with the adjacent size fraction (Fig. 5 main text). Munsell 57 
colour names are summarised in percent at the bottom of the table with actual numbers analysed in brackets. Munsell colour name abbreviations 58 
are: P = pink; PG = pinkish-grey; RY = reddish-yellow; YR = yellowish-red; LR = light-red; R = red; LRB = light-reddish-brown; RB = reddish-59 
brown; B = brown; IS = insufficient sample to estimate colour; Zero = no sample in size fraction. 60 
ISR 
rank 
Nafud Transect 
point 
All fractions Granules 
φ -1.99 – 1.0 
V coarse 
φ  -0.99 – 0 
Coarse 
φ 0 – 0.99 
Med. sand 
φ 1- 1.99 
Fine sand 
φ 2 – 2.99 
Very fine sand 
φ 3 - 3.99 
Silt and clay 
φ 4 + 
           
1 Sabalah G 3 YR 5YR 5/8 Zero Zero IS YR 5YR 5/8 R 2.5YR 5/8 R 2.5YR 5/6 RB 5YR 5/4 
6 Thuwayrat S F 4 YR 5YR 5/6 Zero Zero IS YR 5YR 5/8 YR 5YR 5/8 YR 5YR 5/8 RB 5YR 5/4 
8 Thuwayrat N HI 1 YR 5YR 5/8 Zero IS YR 5YR 5/8 R2.5YR 5/6 R 2.5YR 5/8 R 2.5YR 5/6 IS 
9 Mazhur AB 13 YR 5YR 5/8 Zero Zero IS YR5YR 5/8 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/4 
11 Mazhur AB 16 YR 5YR 5/8 Zero IS IS YR5YR 5/8 YR 5YR 5/8 YR 5YR 5/6 IS 
12 Thuwayrat N HI 4 YR 5YR 5/6 Zero Zero RY 5YR 6/8 RY 5YR 6/8 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/3 
13 Sabalah G 4 YR 5YR 5/8 Zero Zero IS R 2.5YR 5/6 R 2.5YR 5/8 R 2.5YR 5/6 IS 
16 Thuwayrat N HI 2 RY 5YR 6/6 PG 5YR 7/2 P 5YR 8/3 LRB 5YR 6/4 RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/6 B 7.5 YR 5/4 
20 Mazhur AB 10 R 2.5YR 5/6 Zero IS RY 5YR 6/8 YR 5YR 5/8 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/4 
24 Thuwayrat N HI 9 RY 5YR 6/8 Zero Zero RY 5YR 6/6 YR 5YR 5/8 YR 5YR 5/8 Y 5YR 5/6 RB 5YR 5/4 
27 Thuwayrat C CD 7 YR 5YR 5/6 Zero Zero IS RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/6 IS 
29 Mazhur AB 1 YR 5YR 5/6 Zero Zero R 2.5YR5/8 R 2.5YR 5/8 R 2.5YR 5/8 R 2.5YR 5/8 RB 2.5YR 5/3 
34 Mazhur AB 7 YR 5YR 5/6 Zero IS RY 5YR 6/8 RY 5YR 6/8 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/4 
35 Thuwayrat N HI 11 YR 5YR 5/6 IS RY 5YR 6/8 RY 5YR 6/6 YR 5YR 5/6 YR 5YR 5/6 YR 5YR  5/6 RB 5YR 5/4 
38 As Sirr E 4 RY 5YR 6/6 Zero Zero RY 5YR 6/8 RY 5YR 6/8 YR 5YR 5/6 YR 5YR 5/6 LRB 5YR 6/4 
40 Thuwayrat S F 2 RY 5YR 6/6 IS RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/4 Zero 
41 Thuwayrat N HI 10 RY 5YR 6/6 Zero P 5YR 7/4 LR 2.5YR 6/6 LR 2.5YR 6/6 LR 2.5YR 6/6 LR 2.5YR 6/6 RB 5YR 5/4 
46 Thuwayrat C CD 9 LRB 5YR 6/4 IS RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/6 YR 5YR 5/6 YR 5YR 5/6 LRB 5YR 5/4 
47 Thuwayrat C CD 3 LRB 5YR 6/4 IS LRB 5YR 6/4 LRB 5YR 6/4 LRB 5YR 6/4 RY 5YR 6/6 YR 5YR 5/6 RB 5YR 5/4 
50 As Sirr E 2 RY 5YR 6/6 Zero IS RY 5YR 6/6 RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/6 RB 5YR 5/4 
52 Mazhur AB 2 RY 5YR 6/6 IS LR2.5 YR 6/6 RY 5YR 7/6 RY 5YR 6/6 RY 5YR 6/6 YR 5YR 5/6 RB 5YR 5/4 
54 Sabalah G 1 YR 5YR 5/8 Zero Zero Zero YR 5YR 5/6 YR 5YR 5/8 YR 5YR 5/6 RB 5YR 5/4 
55 Sabalah G 2 YR 5YR 5/6 IS YR 5YR 5/6 YR 5YR 6/4 YR 5YR 5/6 YR 5YR 5/8 YR 5YR 6/6 RB 5YR 5/4 
 
 
         continued 
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  Colour All fractions Granules 
φ -1.99 – 1.0 
V coarse 
φ  -0.99 – 0 
Coarse 
φ 0 – 0.99 
Med. sand 
φ 1- 1.99 
Fine sand 
φ 2 – 2.99 
Very fine sand 
φ 3 - 3.99 
Silt and clay 
φ 4 + 
  P   9% (2)      
  PG  4% (1)       
  RY 30% (7)  13% (3) 43% (10) 30% (7) 22% (5)   
  YR 57% (13)  4% (1) 9% (2) 48% (11) 57% (13) 74% (17)  
  LR   4% (1) 4% (1) 4% (1) 4% (1) 4% (1)  
  R 4% (1)   4% (1) 13% (3) 17% (4) 17% (4)  
  LRB 9% (2)  4% (1) 9% (2) 4% (1)   9% (2) 
  RB       4% (1) 65% (15) 
  B        4% (1) 
  IS/zero 0 22 15 7    5 
  Total 23 23 23 23 23 23 23 23 
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4. X-Ray Diffraction (XRD), meso-scale. 63 
 64 
SI Fig. 3. XRD signature of Transect AB 2 interdune sample, showing mature quartz sandstone. Library matching of quartz shows an almost 65 
identical signature to the sample and there are no significant peaks for clays such as illite and kaolinite or calcite and gypsum.   66 
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5. Chemical analysis of grains (meso-scale)  67 
 68 
SI Fig 4 Correlation of ImageSR with surface iron oxide extracted by DiFe and carbonate content for all samples and split across the transects, 69 
AB, CD, EFG and HI does not show a consistent relationship. Dunes, solid symbols, interdunes, outline symbols. 70 
 71 
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